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(54) System and method for the extractment of physiological signals 



(57) A technique for the accurate determination of 
artifact free pulse oximetry signals utilizes ah adaptive 
signal processor (210) and peak detector circuit (250). 
A reference signal (216) for the adaptive signal proces- 
sor Is derived based on mathematical relations of the 
detected light signals and the true intensity of light sig- 
nals. TTie derivation of the appropriate reference signal 
requires the determination of peak values for two ratio 
constants. The two ratio constants lie witiiin a known 
physiological range of values. When the value of the 
ratio constants has been determined, the reference sig- 
nal equals the true intensity. The output of the adaptive 
signal processor (210) is provided to the peak detector 
(250). The peak detector (250) subdivides the known 
physiological range into two intervals and determines in 



which interval a peak exists. The remairang interval is 
discarded, and the peak detector repeats the measure- 
ment on the remaining interval until a peak has been 
detected within the desired accuracy. The value conre- 
spending to the detected peak is one of the ratio con- 
slants. In a second alternative embodiment, the output 
of the adaptive filter (212) Is fed directly to the peak 
detector (250) to determine values for the two ratio con- 
stants. In yet a third embodiment, two adaptive signal 
processors (210a.210b) are coupled to a ratio proces- 
sor (280). The output of the ratio processor is at a mini- 
mum when the appropriate value is selected for each of 
the two ratio constants. 
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Description 

Technical Retd 

The present invention relates generally to signal processing and, more particularly, to a system and method for 
processing physiological signals in the presence of noise to extract the physiological signals. 

Background of the Invention 

The measurement of physiological signals is difficult because the underlying physiological processes generate 
very low level signals and interfering noise is inherent in the body and the interface between the body and sensors of 
the physiological processes. For exanple, measurement of electrocardiogram (ECG) signals are base on the electrical 
activity generated by the electrical depolarization of the heart musde. The signals are typically detected by surface 
electrodes mounted on the chest of the patient. The signals are initially weak at the signal source (/.e.. the heart) and 
are even weaker at the surface of the chest Furthermore, electrical interference from the activity of other muscles, 
noise caused by patient breathing, general movement and the like cause additional interference with the f CG signal. 
External electrical interference, such as 60 Hertz (Hz) interference also compounds the ECQ measurement problem. 
Therefore, great care must be taken in the design and use of physiological processors to enhance the quality of the 
desired signal and reduce the effects of interfering signals. 

Another common physiological measurement that is made difficult by the presence of interfering noise is the meas- 
ure of oxygen saturation in the Wood. This measurement is frequently performed with a pulse oximeter 1 . illustrated in 
the functional block diagram of Figure 1. A transmissive pulse oximetry sensor 2 is placed on a finger 4 of the patient 
First and second light sources 6 and 8 are directed through the fleshy portion of the finger 4 and detected by one or 
more light detectors 1 0 on the opposite side of the finger. As is well known in the art. the light from light sources 6 and 
8 are of different wavelengths ttiat are cfifferentially absort)ed by oxygenated Wood cells. The first light source 6 is typi- 
cally designated as a Red light source having a wavelength in the red region of the spectrum. The second light source 
8 is typically designated the IR source having a wavelength in the near infrared region of the spectrum. 

The pulse oximeter 1 determines the oxygen saturation based on a ratio of the light detected from the Red light 
source 6 and the I R light source 8, respectively A ratio calculator 1 2 determines the ratio of detected light and uses the 
value of the ratio as an address in a took-tp taWe 14. The k)ok-up taWe 14 contains data relating the ratio of detected 
light to the oxygen saturation in the Wood. A typical oxygen saturatkwi cun^e 1 8 is illustrated In Figure 2 where the per- 
centage of oxygen saturation is plotted against the ratio of detected light from the Red light source 6 and the IR light 
source 8 (see Figure 1). Pulse oximeters may also use reflective pulse oximetry sensors (not shown) in which the light 
sources and light detectors are positioned adjacent eiach other, and the light from the light sources is reflected back to 
the detector(s) by oxygenated blood cells in the finger 4. 

The measurement of Wood oxygen saturation is important for physicians that are monitoring a patient during sur- 
gery and at other times. As with other physiological measurements, pulse oximetry measurement also is susceptiWe to 
interference form noise. As is known in the art, pulse oximetry is particularly susceptiWe to interference from stray light 
and from patient motion. Stray light detected by the light detector 10 can cause erroneous calculation of the ratio. 
Known techniques are employed to reduce the interference caused by stray light The interference from patient motion 
is a much more difficult noise source and is the subject of intensive research. 

Therefore, it can be appreciated that there is a significant need for a system and method for measurement of phys- 
iological signals that enhances the desired signal in the presence of interfering noise signals. This and other advan- 
tages provided by the present invention are desaibed in the detailed desaiption and accompanying figures. 

fiummarv o f the Invention 

The present invention is entKxlied in a system and method for the enhancement of signals in the presence of 
noise. The system includes a detector to detect first and second signals, each of the detected signals having a signal 
portion and an interference portion. The system includes an adaptive signal processor having a signal input, an adap- 
tive filter input, an adaptive fitter output and an error signal output wherein the error signal output is coupled to the 
adaptive filter to adjust the adaptive filter such that the error signal has minimum correlation with the filter input. The sig- 
nal input of the adaptive filter is coupled to the detector to receive the first detected signal. A peak detector receives a 
signal from the adaptive signal processor and determines a ratio constant corresponding to a peak value of the signal 
from the adaptive signal processor over a predetermined range of possiWe ratios. A storage location contains a math- 
ematical relationship of the first and second portions of the first and second detected signals and a ratio constant A 
reference signal generator coupled to the peak detector and to the storage k)cation generates the signal portion of tfie 
first detected signal based on the mathematical relationship and the ratio constant The signal portion of the first 
detected signal may be coupled to the filler input to permit the adaptive filter to generate a fdtered version of the first 
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portion of the first detected signal. The signal from the adaptive signal processor and received by the peak detector may 
be the en-or signal output or the adaptive filter output. 

In one embodiment, the peak detector subdivkles the pr edetemnined range into first and second sidjstantially equal 
ranges and determines peak locatkm in either the first or second ranges. The peak detector continues to subdivide the 
5 range containing the peak until the peak detector determines the first ratio constant corresponding to the peak location. 
This technique advantageously permits the peak detector to quickly locate a peak without the necessity of scanning the 
entire range of ratio values. ^ ^ . 

In another embodiment, the reference signal generator uses the mathematical relationship and the first ratio con- 
stant to generate the signal portion of the second detected signal. The signal portion of the second detected signal may 
10 be applied to the filter input as a second reference signal. This permits the adaptive filter to generate a filtered verston 
of the first portion of the second detected signal. 

In yet another alternative entxxliment, signal inputs of first and second adaptive signal processors receive the first 
and second detected signals, respectively. First and second reference signals are generated and coupled to the adap- 
tive filter inputs of the first and second adaptive signal processors, respectively. The filter outputs of the first and second 
15 adaptive filters are coupled to a ratio processor, which generates a ratio output indicative of the difference between ratio 
constants in the first and second reference signals, and desired values of the ratio constants. The ra^io output is at a 
minimum when the selected ratio constants in the first and second reference signals are equal to the desired ratio con- 
stants. 

In one application, the system is used to extract physiological signals tor the measurement of blood oxygen in a 
20 subject. The system includes first and second light sources to direct light of different wave length toward the subject. A 
light detector is positioned to delect the first and second lights after passage through the subject, wrth each of the 
detected light signals having first and second portions. Tlie light detector generates signals indicative of an intensity of 
the first and second detected light signals. The first portfon of the detected light signal arises from the light transmitted 
from the light source, and the second portion of the detected signal arises from interference source. In this en^iment, 
25 the adaptive signal processor has a signal input coupled to the light detector and the reference input coupled to a ref- 
erence signal generator. The reference signal generator uses the mathematical relationship of the first and second 
detected signals and ratio constants to generate the reference signal. A peak detector is used to determine correct val- 
ues of the first and second ratio constants, such that the reference signal is indicative of the first portion of the detected 
signal, and the output of the adaptive filter is a wave form representing the true intensity of light transmitted through the 
30 subject. 

Rrifif Description o f the Drawings 

Rgure 1 is a functional block diagram of a prFor art oximetry system. 
35 Figure 2 is a typical oxygen saturation curve employed by the system of Figure 1 to determine Wood oxygen satu- 
ration. 

Figure 3 is a functional Wock diagram of a conventional adaptive signal processor. 
Figure 4 is a detailed functional block diagram of the system of Figure 1 . 

Figure 5 are waveforms that illustrate the timing control of light sources used by the system of Figure 4, 
40 Figure 6 illustrates a waveform used in the calculation of a reference noise signal by the conventional adaptive sig- 
nal processor of Rgure 3. 

Figure 7 is a functional block diagram of the present invention used with the system of Figure 4. 
Rgure 8 illustrates a first embodiment of the system of Figure 7. 

Rgure 9 illustrates a waveform used in the calculation of a reference signal by the analyzer of Figure 8. 
45 Rgure 1 0 is a functional block diagram of the peak detector of Figure 8. 

Rgures 1 1 A and 1 1B are flowcharts of the operation of the peak detector of the system of Figure 10. 
Rgure 12 is a functional block diagram of an alternative embodiment of the analyzer of Figure 7. 
Figure 13 is a functional block diagram of another alternative embodiment of the analyzer of Rgure 7. 

50 Detailed Description of the Invention 

Measurement of physiological signals in the presence of interference is a difficult task, partfcularly if the interfer- 
ence is somewhat random rather than periodic. A number of different techniques can potentially be used to separate 
the desired physiological signal from the interfering noise signal. For example, a filter can sometimes be used to remove 
55 the interfering noise signal. Notch filters, such as a 60 Hz notch filter, can be used to minimize interference from line 
noise. Similarly, high frequency interference noise signals can be eliminated with a lowpass filter designed to pass the 
physiological signal of interest and to reject frequencies above the physiological signal bandwidth. However, some inter- 
ference sources have the same or similar frequency content as the physiological signal of interest. For interference of 
this type, different signal processing technologies must be employed. 
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Adaptive signal prcx:essing is one well known technique for the separation of a desired signal from an interference 
signal. Adaptive signal processing Is based on the assurrption that the noise caused by the interference signal Is uncor- 
related to the desired signal. A conventional adaptive signal processor, configured as a con-elation canceller, is illus- 
trated in the functional block diagram of Figure 3. An adaptive processor 20 has a signal Input 22 and a reference input 

5 24. The reference input 24 is fed to an adaptive fitter 28. The adaptive filter 28 generates a filler output 30 that is sub- 
tracted from the signal input 22 in a conventional subtracter 34. "me subtractor 34 generates an error signal 38 that is 
fed back to the adaptive filter 28. The en-or signal 38 has a value designated herein as e. The adaptive filter 28 is auto- 
matically a<flusled so that the error signal 38 has a minimum correlation with the reference input 24. Thus, the adaptive 
filter 28 is adjusted so that the subtractor 34 cancels any correlated signal in the signal input 22. The error signal 38 is 

10 the system output and contains the portion of the input signal 22 that is unconrelated to the reference input 24. In a typ- 
ical application of adaptive filtering, the signal input 22 consists of a combination of a pure input signal from a device, 
such as a sensor, and a noise signal from one or more sources. The reference input 24 should then be a signal that is 
related to and at least partially correlated with, the noise signal. The adaptive filter 28 is adjusted so thai the error signal 
38 is the pure input signal since the pure Input signal has a minimum con-elation with the reference signal applied to the 

is reference input 24. 

Adaptive signal processing has been successfully applied to the measurement of physiological signals when the 
source of the interference signal is well characterized. For example, the physician may wish to listen to a fetal heartbeat 
whose acoustical signal strength is relatively small compared to the acoustical strength of the nrwther's heartbeat. As 
discussed above, simple filtering will not work satisfactorily because the two heartbeats have similar frequency content. 

20 However, adaptive signal processing can isolate the fetal heartbeat by using the much touder maternal heartbeat as the 
reference irput 24 and the conijination of fetal and maternal heartbeats as the signal input 22. Because the two heart- 
beats are uncon*elated and the maternal heartbeat can be independently derived, the adaptive signal processor 20 can 
easily isolate the fetal heartbeat. Similarly, the adaptive signal processor 20 can remove 60 Hz intefference by simply 
using the 60 Hz signal as the reference input 24. Thus, adaptive signal processing can effectively remove the undesir- 

25 able interference signal provided that the interference signal can be independently derived. 

However, some physiological signals of interest do not have an independent interference source to use as the ref- 
erence input 24. For example, pulse oximetry is susceptWe to motion artifact, as described above. The motion alters 
the path that the light takes through the finger 4 (see Figure 1 ) and the characteristics of the interface between the finger 
' 4 and the sensor 2. As the light from the Red light source 6 and the IR light source 8 pass through the fleshy portion of 

30 the finger 4. each is contaminated by a noise signal, primarfly due to patient motion. The detected light is thus the com- 
bination of the tme light transmitted through the finger 4 plus the interfering noise introduced in the measurement proc- 
ess. This may be illustrated by the following equations: 

RoR* + N 0) 



where R is the light intensity measured by the light detector 1 0 (see Figure 1), R* is the true intensity of light transmitted 
by the Red light source 6. and N is the noise source introduced by the measurement process while measuring the inten- 

40 sity of the Red light. Similarly, r in equation (2) is the light intensity measured by the light detector 1 0, r* is the true inten- 
sity of light transmitted by the IR light source 8. and n is the noise source introduced by the measurement process while 
measuring the intensity of the I R fight. 

The goal of the measurement process is to determine the ratio of the tme intensity of Red light. R*. transmitted 
through the finger 4 to true intensity of IR light, r*. transmitted through the finger. However, most pulse oximetry system 

45 determine the ratio of the measured signal (/.e., R/r) or some processed version of the measured intensities due to an 
inability to determine the true intensity. The ratio of intensities, whether it is the ratto of measured intensities, true inten- 
sities, or some processed version of the measured intensities, is designated herein as rg. 

Some prior art pulse oximetry systems attempt to minimize the effects of motion artifact through conventional filter- 
ing or modulation of the intensity of the light sources 6 and 8. However, these processing techniques are not partteularly 

50 effective because the motion artifact is caused primarily by movement of venous Uoob in the tissues of the finger 4 
rather than from some external noise source such as stray light Conventfonal filtering may remove some undesirable 
noise, but the frequency content of the motion artifact is similar to that of the desired signal. Modulation techniques may 
reduce interference from stray ambient light, but have little effect on motion artifact because the primary noise source 
(e.g.. venous blood movement resulting from patient motion) originates in the measurement pathway. Thus, the ratio 

55 determined by many pulse oximetry systems is not accurate. 

It should be noted that the intensity of detected light varies with the patient's heart beat thus creating a time-varying 
pulsatile waveform. The pulsatile wavefomi contains an alternating cun-ent (AC) signal component and a direct current 
(DC) component. A more accurate determination of the ratio r^ is given by the following equation: 
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(IR^/IRoc) 

where RedAc »s the AC component of the intensity of the measured Red light, R. Redoc *s the DC conponent of the 
intensity of the measured Red light, IRac « the AC component of the intensity of the measured IR light, r, and IRqc »s 
the DC component of the intensity of the measured IR light. In practice, the DC components tend to cancel each other 
out thus normalizing the resultant ratio of AC components. Thus equations (1) and (2) above may be more accurately 
shown as: 

R{t) - R*(t) + N(t) W 
r(t) = r*(t) + n(t) (5) 



where R(t) = Red and r(t) = IR ac ^©"ect the time varying nature of the signals. 

A typical prior art transmissive pulse oximetry system 1 00 is Illustrated in the functional block diagram of Figure 4. 
where the sensor 2 contains the Red light source 6 and the I R light source 8. typically on the same sid^ of the patienfs 
finger 4. The Red and IR light sources 6 and 8 are alternately activated by a timer 110. The activation timing of the first 
and second light sources 6 and 8 is illustrated in the waveform of Figure 5. The Red light source 6 is activated in the 
period T1 . Following the period T1 , the IR light source 8 is activated during the period T2. Following the period T2. nei- 
ther the Red light source 6 or the IR light source 8 is activated during the period T3. The pulse oximeter uses the period 
TB to detect stray ambient light and determine a baseline value to compensate for the stray ambient light. Compensa- 
tion of stray light is well known by those of ordinary skill in the art and will not be discussed herein. The timer 1 10 
repeats the pulsation of the Red light source 6 and the IR light source 8 in the manner described above. It should be 
noted that the intensity of the light from the Red light source 6 and the IR light source 8 is automatically adjusted by a 
closed-loop system to assure an acceptable detected signal level. This closed-loop gain control is well known in the art 
and need not be discussed herein. 

The detector 10 detects light transmitled through the fleshy portion of the finger 4. The signals generated by the 
light detector 1 0 are passed to a demultiplexer 1 1 2. The demultplexor 1 1 2 is coupled to the timer 1 1 0 and is controlled 
by the timer 1 10 to generate independent signal for the light detected from each of the light sources 6 and 8. respec- 
tively. The time division multiplexing used by the system 100 Is well understood and will not be discussed in detail 
herein. As discussed above, the timer 110 enables the Red light source 6 during the period T1 . During that same period 
T1. the timer also controls the demultiplexa 1 12 so thai the detected signals from the Red light source 6 are routed to 
a data line 1 14, During the time period T2. the timer 110 enables the IR light source 8 and controls the demultiplexor 
1 12 so that the detected signals from the IR light source are routed to a data line 1 16. Each of the data lines 1 14 and 
1 16 can be coupled to optional amplifiers 120. The amplified signals are coupled to the inputs of an analog to digital 
converter (ADC) 124 that digitizes the signal in a conventional manner. It shouW be noted that the amplifiers 120 may 
be integrally formed as part of the ADC 124. The ADC 124 may also include optional lowpass fOters (not shown) to 
assure that the analog signals are bandlimited below the Nyquist rate of the ADC. 

The demultiplexor 1 12 is shown as a separate component in Rgure 4 for the sake of clarity. Those skilled in the art 
will recognize that the demultiplexing function can also occur after the signal from the light detector 10 has been digi- 
tized. The present invention is intended to encompass ail such conventtonal techniques for demultiplexing the signals 
from the light detecta 10. , ^ 

The ratio circuit 12 receives the digitized signals and uses the ratio of R(t)/r{t) to determine a location in the look- 
up table 14. Assuming that no motion artifact is present, the data entry in the took-up table 14 corresponds to the Wood 
oxygen saturation. In reality, the ratio calculated by the ratio circuit 12 is inaccurate because of the motion artifact. 

A technique has been developed to use the conventional adaptive signal processor of Figure 3 to eliminate the 
motion artifact. A reference signal related to the motion artifact interference source is independently derived and 
applied as the reference input 24 to the adaptive signal processor 20. The reference input 24 uses detected signals 
from the Red and IR light sources 6 and 8. These techniques are described in PCT Patent Publication No. 
W0921 15955. published on September 17. 1992. The system described in this pufciication generates a reference sig- 
nal related to the interference noise and uses this noise reference in the correlation canceller version of the adaptive 
signal processor 20 shown in Figure 3. The adaptive signal processor 20 uses the noise reference to cancel the noise 
in the measured signal thus resulting in a signal that is representative of the true signal {/.e.. the measured signal minus 
the noise signal). 

The noise reference signal generated by the prior art pulse oximeter has the following form: 



N(t) = R(t) - <aT(\) 
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where N(t) is the time varying noise reference signal. R(t) is the time varying delected signal from the Red light source 
6 (/.e.. true intensity plus noise), r(t) is the time varying signal from the detected signal from the IR light source 8 {/.e.. 
tme intensity plus noise) and q is a selected value of the ratio ra. Equation (6) has been empirically derived to nrxxlel 
the noise source. 

As can be seen from Equation (6) above, the prior art pulse oximeter must determine a value for o in order to gen- 
erate the noise reference signal N(t). As seen in Figure 2. the ratio of the light intensities and thus the value of o lies 
within a range from 0.5 to 3.0. The limitation in the range of values for © is imposed by the physiology That is. the oxy- 
gen saturation value lies between 100% and 0%. with the coresponding ratios lying between a value of 0.6 to 3.0. 
respectively To conpensate for variations in the sensitivity of the sensor 2. a range of ratio values from 0.3 to 3.0 is 
typically used. TTie prior art pulse oximeter takes advantage of the knowledge that the ratto must lie within the range 
from 0.3 to 3.0 and scans the entire range of possible values for the ratk) and inserts each of these values into equation 
(6) above. The noise reference signal for each possible value of the ratk) r^ is provided as the reference input 24 (see 
Figure 3) to the adaptive signal processor 20. The adaptive signal processor 20 in turn generates the value e for each 
of the possible values of the ratio. A typical output of the value e versus the ratk) r^ is illustrated by a waveform 48. shown 
in Figure 5. The best estimate of the value of o is given by a peak 50 or a peak 52 of the waveform 48. It is known that 
if the value of co corresponds to the peak 50. then N(t) in equation (6) equals Cin(t) where Ci is a constant and n(l) is 
the noise source introduced by the measurement process while measuring the intensity of light from the IR source 8 
(see Figure 5). If the value of © corresponds to the peak 52. it is known that N(t) in equation (6) equals C2r*(t) where C2 
is a constant and r*{t) is the true intensity of light transmitted by the I R lighj source 8. The value of © corresponding to 
the peak 50 is inserted into equation (6) above to generate a noise reference signal N(t) as the reference input 24 (see 
Figure 3) of the adaptive signal processor 20. The error signal 38 is the noise signal n(t) H the value of © corresponds 
to the peak 52. However, if the value of © coaesponds to the peak 50. the reference signal N(t) corresponds to the noise 
signal n(t). The con-elation canceller adaptive signal processor 20 cancels out the constant Ci as well as correlated sig- 
nals between the signal input 22 and the reference input 24 such that the error signal 38 is the desired signal. The true 
output signals are provided to the ratio drcuit 12 (see Rgure 4) and processed in the manner previously described. 

The disadvantage of this approach is that generating the value c for each of the possible values of the ratio ra is a 
computationally difficult and time consuming approach to adaptive filter in pulse oximetry. As those skilled in the art can 
appreciate, real-time calculation of blood oxygen saturation is important to the physician. This real-time constraint can 
only be met with the prior art approach using expenave and powerful digital signal processor hardware. 

The present inventk>n is directed to alternative techniques for producing a Wood oxygen saturation measurement. 
These techniques provide a more efficient computational process that does not generate the noise reference required 
by the prior art approach. Rather the present invention directly generates the desired signal (i.e., the true intensity) and 
does not use conelation cancellation techniques in the adaptive signal processor. 

The present invention is embodied in a system 180. shown in the functional block diagram of Figure 7. An analyzer 
182 coupled to the ADC 124 (see Figure 4) receives digitized signals 184 representing the measured light Intensity, 
R(t). from the Red light source 6. and digitized signals 186 representing the measured light intensity. r(t), from the IR 
light source 8. The analyzer 182 processes these signals using mathematical relationships between the measured sig- 
nals and the true intensities, to generate a true intensity output 188 equal to the true intensity, R*(t). and a true intensity 
output 190 equal to the true intensity. r*(t). The mathematical relationships are stored in a mathematical relationship 
storage area 192 for use by the analyzer 182. 

The analyzer 182 generates the ratio ra of true intensities {i.e., R*(t)/ir*(t)) in the process of generating the true 
intensity outputs 1 88 and 1 90. A ratio output 192 is coupled to the lookup table 1 4 to permit the determination of oxygen 
saturation in a conventional manner. The output of the tookup table 14 is a value SpOg corresponding to the blood oxy- 
gen saturation. The system 1 80 may also include an opttonal SpOg peak detector 194 to generate signals indicative of 
the peak oxygen saturatioa The true intensity outputs 188 and 190 are useful for monrtoring the patient oximetry wave- 
forms and for calculating continuous blood pressure measurements. Techniques for calculating blood pressure from 
pulse oximetry output waveforms are described in U.S. Patent No. 5,269.310. The advantage of the present invention 
is that the desired signal is directly generated rather than the noise reference signal. Furthermore, the processing tech- 
niques of the present invention require far fewer computational steps thus improving the rate at which accurate data can 

be obtained. ■ 

With respect to Figure 6. research has shown that the peak 50 coaesponds to the ratio of the true intensities (i.e., 
R*(t)/r*(t)), while the peak 52 corresponds to the ratio of noise intensities (i.e., N(t)/n(t)). The following description pro- 
vides details of the mathematical derivation of the reference signals representing the true intensities. For purposes of 
the following description, the ratio of the true intensities may be defined by the folkwing equation: 



r-(t) 



(7) 
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where a is the value of the ratio r^ corresponding to the peak 50 (see Figure 6). R*(t) is the time varying true intensity 
of light transmitted from the Red light source 6 and r-{t) is the time varying tue intensity of light transmitted from the IR 
light source 8. THe ratio of noise signals introduced by the measurement process is defined by the equation: 
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where 5 is the value of the ratio r^ corresponding to the peak 52 (see Rgure 6). N(t) is the noise introduced dunng the 
measurement of the light transmitted by the Red light source 6 and n(t) is the noise introduced during the measurement 
of the light transmitted by the IR light source 8. It is also known that the following constraint exists between a and p: 

0.3 < a < p < 3.0 (9) 

because of the physiological nature of the signals. It is noted that the percentage of oxygen saturation is also a time- 
varying signal, changing by approximately 0.5% over time. However, it is assumed that the Wood oxygen saturation is 
constant over the short period required to perform the measurements. Thus, a and p can be considered ratio constants 
for purposes of the present discussion. . ^ x... - 

Given equations (4)-(5) and (7)-(8). it is possible to express the relationship between a and p using the following 
matrix equation: 
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where it is assumed thai o * p . As previously stated, H is known that the primary cause of noise in transmissive pulse 
oximetry measurements is motion artifact caused by the movement of venous blood in the finger 4. Thus, the value p in 
equation (8) is related to oxygen saturation in the venous Wood. The assumption that o * p is based on the under- 
stending that o is a measure of arterial Wood oxygenation while p is related to venous Wood oxygenaton. As the body 
lakes oxygen from the Wood, Wood oxygenation deaeases as Wood moves from the arterial portion of the arculation 
system to the venous portion of the circulation system. Thus, the measure of arterial oxygenation, measured by o, is 
not the same asp, which Is related to venous oxygenation. . ^ u • .* 

The significance of equatton (1 0) is that all signal components can be explicitly calculated as a functon of the input 
signals and the ratio constants a and p. The true signal components. R*{t) and r*(t) can also be explicitly derived using 
equation (10) above. The true signal components. R*(t) and r-(t). can be expressed by the following equations, which 
are derived from equation (10): 
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It will be noted that the above equations (1 1) and (1 2) provide the tme signal components. R*(t) and r'(t) as a ftinc- 
tion of the measured signals, R(t) and r(t). available from the sensor 2 (see Figure 4) and the ratio constants a and p. 
The values of the ratio constanis a and p are not known and must be determined by the system 180. The foHowing 
desCTiption details a nunDer of alternative techniques tor deriving the value of the ratio constants o and p. 

Various embodiments of the analyzer 182 are described betow. The analyzer 182 does not require a rioise refer- 
ence signal generated by the measured signals as does the prior art oximeter. Rather, the analyzer 1 82 Erectly derive 
a true intensity output 188 corresponding to the true intensity R* of light transmitted through the finger 4 from the Red 
light source 6 (see Rgure 4) and a true Intensity output 132 corresponding to the true intensity r' of hght transmitted 
through the linger from the IR light source 8. The system 180 uses the ratio of RWr-(t) ('-e., a) and the waveform of 
Raure 2 to determine the Wood oxygen saturation in a conventional manner. ^ • , 

Afiret embodiment of the analyzer 182. shown in the functional Wock diagram of Figure 8, uses an adaptive signal 
processor 210. Although similar to the adaptive signal processor 20 of Rgure 3. the adaptive signal processor 210 does 
not use carelation cancellation techniques with a noise reference signal. Rather, the adaptive signal processor has an 
adaptive filter 212 with a f ater output 214 tiiat directiy generates the desired output signal R*(t) H the appropriate signal 
is selected for a reference input 21 6 to the adaptive filter. 
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A sublractor 220 has a positive subtractor input 224 and a negative subtractor input 228. The nieasured signal R(l). 
which is the combination of the true signal. R*(t). and the noise signal. N{t). is coupled to the positive subtractor input 
224, while the filter output 214 is coupled to a negative sii)lraclor input 228. The subtractor 220 generates an error sig- 
nal 232 that is fed back to the adaptive filter in a well krxwn nnanner. TTie adaptive signal processor 210 uses an itera- 
5 tfve process to adjust the adaptive filter 212 to minimize the error signal 232. Minimization techniques, such as least 
mean squares (l^S) or least squares lattice (LSL). are used to adjust the adaptive fSter 212. These techniques are well 
known in the art of adaptive signal processing and need not be discussed herein. 

The reference input 21 6 is provided with a signal R'(t) derived from equation (11) to estimate the true intensity R*(t). 
The signal R'(t) is sinply the signal of equation (1 1) for selected values of the ratio r. over the range from 0.3 to 3.0 to 
TO determine values for the ratio r^ corresponding to the peaJ« 50 and 52, respectively. The analyzer 182 does not scan 
the entire range from 0.3 to 3.0 as does the pria art pulse oximeter. In contrast only selected values fa the ratio r^ 
between 0.3 and 3.0 are used to determine the correct values of the ratio constants a and p thus resulting in a more 
computationally efficient approach to pulse oximetry. Furthermore, the prior art reference signal of equation (6) must be 
used as a reference signal in the correlation cancellation adaptive signal processor 20 of Figure 3. so that the error sig- 
nal 38 is the desired signal. In contrast, the analyzer 182 of the present invention directly generates the desired signals 
using the mathematical relations of equation 10. When the correct values for the ratio constants a and p have been 
determined, the function R^t) = R*« . Again, rt should be noted that the signal generated by the analyzer 182 is math- 
ematically derived and equals the desired true intensity if the correct values are selected for a and p. This approach is 
markedly different from the prior art approach to adaptive signal processing because no rroise reference signal is gen- 
erated and no noise canceller is used by the adaptive signal processor 210. The true signal is determined directly from 
the given conditions and the mathematically derived relationships shown in the equations above. The adaptive filter 212 
can be designed in a well known manner to improve the accuracy and correctness of the true signal. The procedure for 
the selection of the proper values for the ratio constants a and p Is discussed below. 

It should be noted that the above discussion relates to the measurement of the true intensity of light transmitted 
25 from the Red light source 6. However, those skilled in the art can readily recognize that the same principles apply to the 
measurement of the true intensity of light transnnitted from the IR light source 8. The true intensity signal r*(t) can be 
directly derived from the true intensity signal R*(t) using the relationship of equation (7). Thus, both true intensity signals 
R*(t) and r*{t) can be directly derived once the correct values have been determined for the ratio constants a and p. 
As stated above, the signal R'(t) provided to the reference input 216 is equation (1 1) for selected values of the ratio 
30 r. The system 180 must determine values fa a and p so that R*(t) - R*(t) . to assure that the firter output 214 will rep- 
resent the tme signal intensity R*{t). It can be shown that the ratio constants a and p are interrelated. If one assumes 
that the true signal and the noise signal are unoon*elated. and that a * p . the following equations relate the ratio con- 
stants a and p: 



/5 



35 



40 



jR'(t)-pjR(t)r(t) 

= 1 J 03) 

jR(t)r(t)-pJr^t) 



45 



SO 



jR^t)-ajR(t)r(t) 

t \ (14) 

jR(t)r(t)-aJr2(t) 



As seen in equations (13) and (14). the ratio constants a and p are symmetric and thus only one value, either a a p. 
need be determined. The Wlowing description provides an example of the determination of the values of the ratio con- 
stants aandp. «_^o«-ru 

As previously illustrated by equation (9) above, the value of the ratio constants a and p lie between 0.3 and 3.0. The 
system 180 uses a peak detector 250 to derive the values of the ratio constants a and p without scanning the entire 
range. This approach provides a great computational advantage over the pria art since far fewer calculations are per- 
55 formed to detect the peak value. With reference to Figure 9. a wavefomi 200 has a first peak 202 having a value of the 
ratio r, that corresponds to the ratio constant a. In addition to the peak 202. the wavefam 200 has a second peak 204 
with a value fa the ratio r^ that conresponds to the ratio constant p. 

The end points of this range are designated as end points A and B. respectively. The peak detecta divides the 
range A-B in haH and looks fa a peak in one of the two subdivided intervals. If a peak is found in one subdivided inler- 
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va!. the remaining interval is discarded. This process is repeated until a peak is detected. This process is described In 
detail below. 

The peak detector 250 detects one the of peaks 202 and 204 using the technique descrijed below. However, it is 
not known which peak has been detected. The value for the rennaining on the peaks 202 and 204 can be derived malh- 

5 ematically as can the determination of v^rhich peak corresponds to the ratk) constant a and whk^h peak con-esponds to 
the ratio constant p. The techniques used to detect and identify the peaks 202 and 204 are discussed below. The peak 
detector 250 provWes a corrected reference signal. RW. to the filter input 216. Once the ratio constants a and p have 
accurately been detemiined. the corrected reference signal R'(t) equals the signal R*(t). the true intensity of the light 
from the Red light source 8 (see Figure 4). If the values of the ratk) constants a and p are precisely known, the reference 

w signal R'(t) equals the signal R*(t) exactly. In that case, there is no need to perform further digital signal processing 
using the adaptive signal processor 210. However, if there is some error in the determination of the ratio constants a 
and p the adaptive filter 212 can be used to provide a "dean" output signal that more accurately represents the true 
intensity. R*(t). In the presently preferred embodiment, the true intensity output signals 188 and 190 (see Rgure 7) are 
taken from the filter output 214 (see Figure 8) to compensate for such minor errors in the calculatton of the ratio con- 

15 stantsaandp. . ^ . ^ 

Adetailed functional bk)ckdiagram of the peak detector 250 is shown in Figure 10. The peak detecfor 250 includes 
an interval divider 254 that receives end points A and B and divides the range of possible values for the ratio into two 
equal intervals, having end points designated in Figure 9 as A. B, and C. respectively v4iere the first interval has end 
points A and C and the second interval has end points C and B. The adaptive signal processor 210 (see Figure 8) cal- 
20 culates the error signal c for values of the ratio r^ at first and second ends of each of the two intervals. To calculate the 
error signal c at endpdnt A. the adaptive signal processor 210 substitutes the value of the ratio r^ at the end point A and 
uses equations (1 1) and (13) to derive the reference signal R'(t) for that particular value of the ratio r,. For example, the 
end point A in Figure 9 has a value of 0.3. The analyzer 182 uses the value of 0.3 for the ratio constant p in equation 
(1 3) and solves for the ratio constant a. In turn, those values for the ratio constants a and p are substituted into equation 
25 (1 1) to determine the reference signal R*(t) for ratio ra = 0.3. The error signal 232 has a value e corresponding to tiie 
ratio u at the end point A. Similarly, the reference signal R'(t) for ratio ra = 3.0 is used to determine the value e for the 

ratio ra at the end point B. 

A slope calculator 256 calculates slopes at the end off each of the two intervals using the error signal e calculated 
for the first and second ends of each of the two intervals. Thus, the slope calculator 256 performs three slope calcula- 
tions to generate slope values designated herein as Ai. Ag, and A3. The values Ai and A2 are stope values for ttie first 
and second ends of interval one and Ag and A3 are slope values for the first and second ends of interval two. A slope 
comparator 260 uses the slope values A^, Ag. and A3, to search each off the two intervals for a peak. If a peak is found 
in the first interval, tiie second interval is discarded and tfie subdivide process is repeated on the first interval until tiie 
'peak is found. Conversely, if a peak is found in tiie'second interval, the first interval is discarded and the subdivide proc- 
ess is repeated on the second interval imtil the peak is found. Thus, with each set of slope measurements, the range of 
values for the peak is divided in half. This "divkle and conquer" approach greatly reduces the number of calculations 
performed by the pulse oximeter. A reference signal generator 262 generates the reference signal R'(t) by taking the 
values of the ratio ra at the end points and using ttie previously discussed mattiematical equalfons in ttie mathematical 
relationship,storage area 192 (see Rgure 7). When the precise values for ttie ratio constants a and p have been deter- 
mined, tiie reference signal generator 262 generates ttie reference signal R'(t) equal to ttie ti-ue intensrty R*(t). Details 
of ttie divide and conquer technique are provided below in conjunction witii tiie flow chart of Figures 1 1 A-1 1 B. 

At ttie start 300. in Figure 1 1 A, ttie peak detector 250 (see Figure 1 0) is provided witti ttie end points A and B cor- 
responding to ttie entire range of possible ratios. In step 304. ttie system determines a step size 6. The interval A-B may 
be subdivided into a number of steps witti ttie accuracy of peak detection being dependent on the step size. For exam- 
ple, the interval A-B could be divided into 0.1 increments, such ttiat 8 = 0.1 . Thus, the peak will be detected, and ttie 
value of the ratio constants a and p determined, vwttiin a value of 0.1. ft is clear to ttx>se of ordinary skill in ttie art ttiat 
other step sizes may be chosen. A large step size requires less calculations, but resufts in a less accurate detemiination 
of the peak value. Conversely, a small value for 5 results in a more accurate determination of ttie peak, but at ttie cost 
of an increased number of cafoulations. In ttie presentiy prefen-ed embodiment, ttie step size. 6, is selected to be 0.1. 

In step 306, ttie system 180 determines an allowance value 61. The allowarice value 81 specifies a minimum 
change in ttie amplitude of ttie value e of the error signal 232 (see Figure 8) ttiat will be used to determine ttie slope. 
This assures that small perturbations in ttie waveform 200 will not be interpreted as peaks by ttie peak detector 250. 

In step 310. ttie peak detector 250 (see Figure 10) calculates a point C substantially halfway between ttie points A 
and B ttius subdividing ttie interval A-B to generate two substantially equal intervals A-C and C-B. The adaptive signal 
processor 210 (see Figure 8) calculates the error signal value e for ttie points A. A+6. C. 0+8, B-6. and B. Thus, ttie 
adaptive signal processor calculates ttie error signal value c for six values of ttie ratio r.. As prevfously described, ttie 
value of ttie ratio ra at each of ttiese six points is substituted for a in equation (14) to find a value for p. The resultant 
values for a and p are substituted into equation (1 1) to calculate ttie reference signal R^t) for each of the six values of 
the ratio ra. 



30 
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In decision 316. the peak detector detemiines whether the slope at points A and A+S, C and C+S, and B-5 and B 
are greater than the allowance value 61. In the presently preferred embodiment, the peak detector 250 determines 
whether the slope at point A and point A+5 is suff icienl tjy comparino the absolute value o* e at point A minus the value 
of e at point A+6 with the allowance value by If the absolute value is not greater than 6^ this indicates that there is not 
change to make the slope cateulalion reliable. In that case, the peak detector 250 inaements by the value 6 in step 320 
and returns to step 31 2 to repeat the process until the absolute value is greater than . The peak detector 250 performs 
similar calculations on points C and C+«, and B-6 and B. It should be noted that, in the presently prefened embodiment, 
the peak detector 250 performs this calculation independently at each of the end points. That is. if the slope at the end 
point A is determined by point A and A+26, the peak detector 250 does not automatically increment points C and B to 
have a 25 slope measurement. 

Because of the nature of the curve in Figure 9, the slope at point A is typically greater than 0, while the slope at 
point B is typically less than 0. TTie peak detector 250 assumes that the slope at end point A is positive, while the slope 
at end point B is negative. The process described above for the allowance value Si assures that the slope at points A 
and B are as expected. When the absolute value at each of the end points is greater than 5t . the result of decision 316 
is YES. In that event, the peak detector 250, in step 322, shown in Figure 1 1 B, calculates the slopes . A2, and A3 in 
a conventional manner. , 

The slope comparator 260 compares the slopes at the points A. B, and C to determine whether a peak is contained 
in a first interval. A-C, or in the second interval C-B. If the inten/al A-C contains a peak, the slope at end point C will be 
negative. Conversely, if a peak is present in interval 2. the slope at point C will be positive. In decision 326. the slope 
comparator 260 detemiines whether the slope at end point C is negative. If the slope at end point C is negative, it 
means that the slope changed from a positive value at endlpoint A to a negative value at endpoint C thus indicating that 
a peak is contained somewhere within the interval A-C. In that event the result of decision 326 is YES and. in step 330. 
the peak detector 250 discards the interval C-B and redefines the end point B as having value C. Thus, there is a new 
interval A-B that corresponds to the previous interval A-C. 

If the slope at point C is positive and the slope at point B is negative, it means that the slope changed from a positive 
value at endpoint C to a negative value at endpoint B thus indicating that a peak is contained somewhere within the 
interval C-B. In that event, the result of decision 326 is NO, and the peakdetecta 250 discards the intenml A-C in step 
332. The peak detector 250 also resets the end point A to have the value C. Thus, the new interval A-B is defined by 
the previous end points C and B. 

In decision 336, the peak detector 250 determines whether the new interval A-B is greater than 6. If the new interval 
A-B Is less than 6. it indicates that the peak detector 250 has determined the value of the peak to within the tolerance 
specified by the step size 6 in step 304 (see Figure 1 1 A). If the new interval A-B is greater than 6, the result of decision 
336 is YES, and the system returns to step 310 in Figure 1 1 A to subdivide the interval to again generate intervals A-C 
and C-B. In this manner, the peak detector 250 contiiiually subdivides the interval in half and detennines in which half 
the peak is located. This peak calculation requires substantially fewer calculations than the prior art system of scanning 
the entire range from 0.3 to 3.0 for the ratio rg. 

When the peak detector 250 has subdivided the intervals such that the interval A-B is not greater than 5, the result 
of decision 336 is NO. At that point the peak has been located to within the tolerance specified by the step size S in step 
304. 

At this point, a peak has been detected, but the system 180 does not yet know if the detected peak coaesponds to 
a or p. The peak detector 250. in step 340. designates the error value e caresponding to the detected peak as a^ This 
value is substituted as p in equation (1 3) above, to calculate a value a2. It shouW be noted that because of the symmetry 
of equations (13) and (14), the value ai could have been substituted as a in equation (14). In either case, solving equa- 
tion (13) or (14) results in a value designated herein as ^2- Based on the constraint of equation (9), wherein a is less 
than p. the peak detector 250. in step 342. designates the smaller of the values a^ and a2 as a. The larger of the values 
ai and a2 is designated as p. The peak detector 250 ends its calculation in step 344 with values of a and p having been 
determined. 

Following the calculation of a and p by the peak detector 250. the values for a and p may be substituted into equa- 
tion (1 1) above to accurately determine the reference R'(t) equal to the true intensity R*(t). The newly calculated value 
for R*(t) is provkled to the reference input 216 (see Figure 8) of the adaptive filter 212.'FoIlowing the calculation of an 
accurate reference signal based on conect values for the ratio constants a and p. the filler output 214 is the taie inten- 
sity R*(t). h should be noted that a the true intensity of r*(t) of light transmitted from the IR light source 8 can be calcu- 
lated using equation (7) above. 

The analyzer 182 (see Figure 7) produces the ratio output 192, and the value for oxygen saturatfon Sp02 may be 
determined in a conventional manner. The optional peak detector 194 may be used to detemiine peak Sp02 levels. 
Thus, the analyzer 812 (see Figure 7) directly produces reference signals equal to the tme Intensities. In practice, these 
tme intensity signals are derived from the fitter output 214. This direct calculation of the true intensities is performed 
without having to generate a noise reference signal as is done in the prior art. and without having to use digital signal 
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processing correlation cancellation techniques that require a significant number of coniputational steps. Furthermore, 
the analyzer 182 requires significantly fewer calculations to deternrtine accurate values for the ratio constants a and p. 

The technique descra)ed atxDve assumes that both the true signal and the noise signal are present in the measured 
signal, as indicated by equations {4)-(5). That is, the measured signal R(t) contains the noise signal N(t) as well as the 
5 true intensity R*(t). TTie technique descrtoed above will not accurately detect the values for the ratio constants a and p 
if only one signal, either the true intensity or the noise signal, is present in the measured signal. This condition can be 
detected by computing a con-elation factor. The correlation factor is defined as: 

10 Jr(t)R(t) 

cf=-p!=x100% (15) 
|Jr^t)*jR'(t) 

IS 

for any given time interval. The absolute value of the con-elation factor is less than or equal to 100%,, The con-elation 
factor indicates how well con-elated the two measured signals R(t) and r(t) with each other. A larger value for the corre- 
lation factor indicates a greater degree of conrelation between the measured signals, and a smaller con-elation factor - 
value indicates less correlation between the measured signals. When R(t) and r(0 are completely correlated, then R(t) 

20 equals ar{t), and the correlation factor equals 100%. It is known that under this condition, the measured signals are 
either all true signals or all noise signals, but not a mixture, assuming that the true signal and the noise are uncorrelated. 
When the conelation factor equals 1 00%, the technique described above cannot be applied. However, it is a rare occur- 
rence that there is no noise present in the measured signal. Furthermore, it is possible to determine whether the meas- 
ured signal is solely the true intensity, or solely a noise signal. A noise signal can be discarded, while the true intensity 

25 signal may be used to calculate the oxygen saturation in a conventional manner. 

The embodiment of the analyzer 128 illustrated in Figure 8 uses the error output signal 232 to determine the values 
for the ratio constants a and p. An alternative embodiment of the analyzer 128 is illustrated in Figure 12. The analyzer 
1 28 also uses an adaptive signal processor 210, similar to that shown in Figure 8. However, the input to the peak detec- 
tor 250 is not taken from the enor output 232, but rather directly from the filter output 214 of the adapter filter 212. The 

30 relationship between the fitter output 214 and the ratio constants a and p is illustrated by the foltowing equations: 

A (R" (rj) = E (R"' (t. r J) - J (R*(t))^ dt. r, » a (16) 
t 

35 

A(R"(r3)) = E(R"V(t.r3)) = J(N(t))^dt.r^ = P (17) 
t 

40 

Where A (R" (rj) is the amplitude of the filter output 21 4. and E (R**^ (t. r J) is the expectation value of the squared signal 
R"^ (t. rj. Those skilled in the art will recognize that equations (16) and (1 7) are measures of the output power from the 
fitter output 214. 

Equations (16) and (17) above indicate that the amplitude of the firter output 214 has maximum values when the 
45 ratio r^ has values equal to a and p. The peak detection process previously described is used to detemiine the correct 
values for the ratio constants a and p. That is. various values for the ratio r^ at the endpoints A, B, and C are substituted 
into equations (14) and (1 1) to generate the reference signal R'(t) for selected values of the ratio ra. The filter output 214 
will have the same shape as the wavefomi 200 (see Figure 9) for values of the ratio ra ranging from 0.3 to 3.0. The peak 
detector 250 operates in the manner previously described to detect peaks, however, the detected peaks are from the 
50 filter output 216 rather than the error signal 232 as was the case in the embodiment of Figure 8. When correct values 
for the ratio constants a and p have been determined, these values are substituted into equation (11) to calculate the 
correct reference signal for the fitter input 216. Following the determination of the appropriate reference signal, the ref- 
erence signal R'(t) equals tiie true intensity R*(t). As discussed above, the filter output 214 is used to provide tiie true 
intensity outputs 188 and 190 to minimize the effect of errors in tiie calculation of the ratio constants a and p. As previ- 
55 ously discussed, the true intensity r*(t) of light transmitted by tiie IR light source 8 can be easily calculated using equa- 
tion (7). The alternative embodiment of Figure 12 is significantiy different from the systems known in the prior art 
because no noise reference signal is derived from tiie measured signals. Ratiier. the true intensity outputs 188 and 190 
are directly derived using the ratio constants a and p and the matiiematical relationships dscussed above. Further- 
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more, the errtxxliment illustrated in Figure 1 2 does not use the error output 232 to detect peak values and to determine 
the values for the ratio constants a and p. 

A third embodiment of the analyzer 128 is illustrated in Figure 13. The emtxxliment of Figure 13 utilizes first and 
second adaptive signal processors 210. which are designated herein as 2l0a and 210b, respectively. The adaptive sig- 
nal processors 21 Oa and 21 Ob are constmcted in the same manner as the adaptive signal processor of Rgure 1 2. How- 
ever, the titer outputs 214a and 214b are coupled to a ratio processor 280 rather than to the peak detector 250 (see 
Figure 12). The adaptive signal processor 210a receives the measured signal R(t) {Le., R*(t) + N(t)) as an input 224a 
to the subtracter 220a. as prevfously described. The filter input 216a is provided with signal R'(t). derived from equation 
(1 1), as an approximation of the true intensity R*(t). The reference signal R'O) is derived in the manner described above 
using equations (1 1)-(1 4). for values of the ratio ta corresponding to endpoints A, B, and C of the range of possible val- 
ues of the ratio ra- Once the carect values for the ratio constants are selected, the reference signal R'{t) ©Quals the true 
intensity R^(t). 

Similarly, adaptive signal processor 210b receives the measured signal r(t) (/.e., r*(t) + n(t)) as an Input 224b to the 
subtractor 220b, as previously described. The reference signal r'ffl can be derived directly from the reference signal 
R'(t) using equation (7). When the correct values for the ratio constants a and p are selected, the reference signal 

^^^^ The filter output 214a from the adapter signal processor 210a and the filter oulput 214b from the adapter signal 
processor 210b are provided to the ratio processor 280. The ratio processa 280 determines a ratio between the two 
filter outputs 21 4a and 214b. and generates an output 282 indicative of the ratio between the two filter outputs. 
As shown below in equation (18), the output 282 of the ratio processor 280 has the following form: 

, jR"(t.ra)xr-{t.r,) 
0{rt) = ' ^'^^^ 



6(ra)-(QfraHa) 

where the ratio r^ has a value ranging from 0.3 to 3.0. the physiological range of values previously discussed. When r^ 
equals a, equation (18) reduces to the following: 

jR-(t,a)xr-(t.a) 

Q(a) - 1- ; and 

fr''(t,a)xr(t.a) 

\ (19) 



6(a)=(Q(a)-a)^ sO. 

Similarly, ft can be shown that 6{p) = (Q(p)-p) * = 0 . Thus, the output 282 of the ratio processor 280 is approximately 
zero at points where the ratio r, =. a and p . At other values for r^, the output 282 of the ratio processor 280 is large. A 
variation of the peak detecta 250 can be used to detect the minimum values that correspond to a and p. respectively. 
The adaptation of the peak detector 250 to determine minimum values is well known in the art. and need not be 

^®^^a^rious"embodimenls of the analyzer 1 28 discussed with respect to Figures 7. 1 1 . and 1 2. all provide different 
techniques for deterrroning accurate values for the ratio constants a and p. Once these ratio constants a and p have 
been accurately determined, the true intensity outputs 188 and 190 can be directly derived. The true intensity signals 
can be applied as the reference input 216 to the adaptive filter 212 in each embodiment to provide additional signal 
enhancement. Once the reference signal has been applied to the adaptive filter 21 2. the output 214 of the adaptive filter 
is a motion artifact free signal R*(t) and r*(t). The accurate pulse oximeter readings, such as Sp02. peak SpOg. and 
plethysmography can be derived by conventional techniques using the clean signals provided by the present invention. 

In operation, many of the components described above may be incorporated into a digital signal processor and/or 
a digital computer. The programming details of the digital signal processor and computer are well known to those of 
ordinary skill in the art and need not be discussed herein. 
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It is to be understood that even though various embodiments and advantages of the present invention have been 
set forth in the foregoing descripf on. the above disclosure is illustrative only, and changes may be made in detail, yet 
remain within the broad principles of the Invention. Therefore, the present invention is to be limited only by the 
appended dairrts. 

Claims 

1 . A system for the enhancement of physiological signals for the measurement of Wood oxygen in a subject, the sys- 
tem comprising: 

first and second light sources to direct light toward the subject, said first and second light sources producing 
light of first and second wavelengths, respectively; 

a light detector positioned to detect first and second light signals after passage through the si4>iect and to gen- 
erate signals indicative of an intensity of said first and second detected light signals, said first detected signal 
having a first portion arising from light transmitted from said first source and a secoexl portion arising from a 
first interference light source, said second detected signal having a first portion arising from light transmitted 
from said second source and a second portion arising from a second interference light source; 
an adaptive signal processor having a signal input coupled to said light detector to receive said first detected 
signal, an adaptive filter input to receive a reference signal, an adaptive fitter output and an error signal output, 
wherein said error signal is coupled to said adaptive filter to adjust said adaptive fater so that said error signal 
has minimum conrelation with said filter input: 

a storage location containing a mathematical relationship of said first and second portions of said first and sec- 
ond detected signals and a first ratio constant; 

a reference signal generator coupled to said peak detector and said storage location to generate said refer- 
ence signal based on an estimated value of said first ratio constant; and 

a peak detector receiving an output signal from said adaptive signal processor signal and determining a true 
value for said first ratio constant corresponding to a first peak value of said output signal over a predetermined 
range of possible ratios, said reference signal generator generating said first portion of said first detected signal 
and said first portion of said second detected signal based on said mathematical relationship and said true 
value first ratio constant. 

2. The system of claim 1 wherein said peak detector subdivides said predetermined range into first and second sub- 
stantially equal ranges and determines a peak tocation in either said first or second ranges, said peak detector con- 
tinuing to subdivide one of said first or second equal ranges containing said peak until said peak detector 
determines said taie value of said first ratio constant corresponding to said peak location. 

3. The system of claim 1 wherein said output signal from said adaptive signal processor is selected from a set of out- 
put signals comprising said error signal output and said adaptive fitter output. 

4. The system of claim 3, further including a ratio drcutt coupled to said reference signal generator to receive said first 
portions of said first and second delected signals and to calculate a ratio of said first portions. 

5. The system of claim 4. further including an oxygen saturation circuit to determine Wood oxygen saturation of the 
subject based on said ratio. 

6. The system of claim 4, further including a data taWe interrelating said ratio with Wood oxygen saturation. 

7. The system of claim 4 wherein said ratio is a time-varying wavefbmi. the system further including a peak saturation 
circuit to calculate peak oxygen saturation from said time-varying ratio. 

8. The system of daim 1 wherein said first and second wavelengths are in the red and near-infrared wavelength 
range, respectively 

9. The system of claim 1 wherein said mathematical relationship has tiie following form: 

^' a-p 
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where R*(t) corresponds to said first light portion of said first detected signal, R(t) corresponds to said first detected 
light, including said first and second portions of said first detected light, r(t) coaesponds to said second detected 
light, including said first and second portions of said second detected light, a is said frst ratio constant and con-e- 
sponds to a ratio of said first portion of said first detected light to said first portion of said second detected light and 
5 p is a second ratio constant and con-esponds to a ratio of said second portion of said first detected light to said sec- 
ond portion of said second detected light. 

10. The system of claim 1 wherein said mathematical relationship has the following fomri: 

^^^^ a-p 

where r*(t) corresponds to said first light portion of said second detected signal, R(t) oon-esponds to said first 
detected light, including said first and second portions of said first detected light r(t) coaesponds to said second 
15 detected light, including said first and second portions of said second detected light, a is said first ratio constant 
and con-esponds to a ratio of said first portion of said first delected light to said first portion of said secpnd detected 
light, and p is a second ratio constant and con-esponds to a ratio of said second portion of said first detected light 
to said second portion of said second detected light 

20 11 . A system for the enhancement of physiological signals for the measurement of Wood oxygen in a sirtjject. the sys- 
tem corrprising: 

first and second light sources to direct light toward the 6ul)iect, said first and second light sources producing 
light of first and second wavelengths, respectively, 

25 a light detector positioned to detect first and second light signals after passage through the subject and to gen- 

erate signals indicative of an intensity of said first and second detected light signals, said first detected signal 
having a first portion arising from light transmitted from said first source and a second portion arising from a 
first interference light source, said second detected signal having a first portion arising from light transmitted 
from said second source and a second portion arising from a second interference light source; 

30 first amJ second adaptive signal processors, each having a signal input coupled to said light detector to receive 

said first and second detected signals, respectively, an adaptive filter input to receive a reference signal, an 
adaptive filter output and an eror signal output coi^sled to said adaptive filter to cause said adaptive fflter to 
. generate a filter output signal having minimum conrelation with said filter input; 
a storage location containing a mathematical relationship of said first and second portions of said first and sec- 

35 ond detected signals, and a first ratio constant; 

a reference signal generator coupled to said first and second adaptive signal processors and said storage loca- 
tion to generate first and second reference signals based on said mathematical relationship and an estimated 
value for said first ratio constant; 

a ratio processor having first and second inputs coupled to first and second adaptive signal processor outputs. 

40 respectively, to calculate an output ratio of said first output signal to said second output signal for said esti- 

mated value of said first ratio constant over a predetennined range of possit>le ratios: and 
a detector receiving said output ratio and determining a minimum value for said output ratio, said minimum 
value con-esponding to a true value for said first ratio constant said reference signal generator generating said 
first portion of said first detected signal, and said first portion of said second detected signal based on said 

45 mathematical relationship and said true value for said first ratio constant 

12. The system of claim 11 wherein said detector subdivides said predetermined range into first and second substan- 
tially equal ranges and determines a peak location in eittier said first or second ranges, said peak detector contin- 
uing to subdivide one of said first or second equal ranges containing said peak until said peak detector determines 

50 said first ratio constant corresponding to said peak location. 

13. The system of daim 1 1 wherein said first and second output signals from said adaptive signal processor are said 
first and second en-or signal outputs, respectively, and said detector determines said true value based on sakl min- 
imum in said first and second error signal outputs. 

55 

14. The system of claim 1 1 wherein said first and second output signals from said adaptive signal processor are said 
first and second adaptive filter outputs, respectively, and said peak detector determines said true value based on 
said minimum in said first and second adaptive filter outputs. 
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1 5. The system of daim 1 1 . further inducTing a timer to time division multiplex said first and second light sources, said 
detector, said first and second detected signals, and said first and second input signals. 

1 6. The system of daim 1 1 , further including a ratio circuit coupled to said first and second filter outputs to receive said 
firet and second output signals, respectively, and to calculate a ratio of said first output signal to said secoreJ output 
signal. 

17. The system of claim 16. further induding an oxygen saturation drcuit to determine Wood oxygen saturation of the 
subject based on said ratio. 

18. The system of daim 16, further including a data table Interrelating said ratio with blood oxygen saturation. 

1 9. The system of daim 1 6 wherein said ratio is a time-varying waveform, the system further Including a peak satura- 
tion circuit to calculate peak oxygen saturation from said time-varying ratio. 



20. The system of daim 12 wherein said mathematical relationship has the following form: 

" " a-p 

where R*(t) corresponds to said first light portion of said first detected signal, R(t) corresponds to said first detected 
light, including said first and second portions of said first detected light, r(t) corresponds to said second detected 
light! induding said first and second portions of said second deteded light, a is said first ratio constant and con-e- 
sponds to a ratio of said first portion of said first deteded light to said first portion of said second deteded light, and 
p is a second ratio constant and con-esponds to a ratio of said second portion of said first deteded^ light to said sec- 
ond portion of said second detected light 

21 . The system of daim 12 wherein said mathematical relationship has the following form: 

where r*{t) corresponds to said first light portion of said second deteded signal. R(t) corresponds to said first 
deteded light, induding said first and second portions of said first deteded light, r(t) corresponds to said second 
deteded light, induding said first and second portions of said second deteded li^t. a is said first ratio constant 
and con-esponds to a ratio of said first portion of said fffst deteded light to said first portion of said second deteded 
light, and p Is a second ratio constant and corresponds to a ratio of said second portion of said first deteded light 
to said second portion of said second deteded light 

22. A system for the enhancement of signals in the presence of noise, the system comprising: 

a detedor to deted first and second signals, each of said deteded signals having a signal portion and an inter- 
ference portion; , 
an adaptive signal processor having a signal input coupled to said detedor to receive said first deteded signal, 
an adaptive filter input to receive a reference signal, an adaptive filter output and an error signal output, 
wherein said error signal output is coupled to said adaptive filter to adjust said adaptive filter so that said en-or 
signal output has minimum correlation with said filter input; 

a storage location containing a mathematical relationship of said first and second portions of said first and sec- 
ond deteded signals and a first ratio constant; and 

a reference signal generator to generate said signal portion of said first detfeded signal based on said mathe- 
matical relationship and said first ratio constant. 

23. The system of daim 22. further including a peak detedor receiving an output signal from said adaptive signal proc- 
essor and determining a value for said first ratio constant, said value corresponding to a first peak value d said out- 
put signal over a predetermined range of possible ratios, said reference signal generator using said value to 
generate said signal portion of said first deteded signal. 

24. The system of daim 23 wherein said peak detedor subdivides said predetermined range into first and second sub- 
stantially equal ranges and determines a peak location in either said first or second ranges, said peak detedor con- 
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tinuing to subdivide one d said first or second equal ranges containing said peak until said peak detector 
determines said first ratio constant oon-esponding to said peak kx»tion. 

25. The system of claim 23 wherein said output signal from said adaptive signal processor is said enot signal and said 
peak detector detemiines said true value based on said peak in said enror signal. 

26. The system of daim 23 wherein said output signal from said adaptive signal processor is said adaptive filter output 
and said peak detector determines said true value based on said peak In sakJ adaptive filter output. 

27. The system of claim 22 wherein said first ratio constant is a ratio of said first portion of said first detected signal to 
sakJ first portion of said second detected signal, said reference signal generator farther generating a second ratio 
constant based on said mathenr^tical relationship wherein said true signal is based on said first and second ratio 
constants. 

28. The system of claim 22 wherein said first ratio constant is a ratio of said second portion of said first detected signal 
to said second portion of said second detected signal, said reference signal generator further generating a second 
ratio constant based on said mathematical relationship wherein said true signal is based on said first and second 
ratio constants. 

29. The system of claim 22 wherein said reference signal generator uses said matinematical relationship and said first 
ratio constant to generate said first signal portion of said second detected signal. 

30. A signal processing apparatus, comprising: 

a detector to detect first and second signals, each of said detected signals having a signal portion and ah inter- 
ference portion wherein said first and second interference portions have an amplitude that extends from below 
the amplitude to above the amplitude of said first and second signal portions, respectively; 
a reference processor coupled to said detector and responsive to said first and second detected signals to gen- 
erate a reference signal for substantially any magnitude of said first and second interference signals, said ref- 
erence signal being a function of said first and second detected signals and a ratio constant related to said first 
and second signal portions; and 

a peak detector coupled to said reference processor and receiving an output signal from sakl reference proc- 
essor, said peak detector determining a value for ratio constant, said value corresponding to a peak value of 
said output signal over a predetermined range of possible ratios, said peak detector subdividing said predeter- 
mined range into first and second substantially equal ranges and determining a peak location in either said first 
or second ranges, sakj peak detector continuing to subdivide one of said first or second equal ranges contain- 
ing said peak until said peak detector determines said ratio constant corresponding to said peak location. 

31 . The apparatus of claim 30 wherein said ratio constant has an initial estimated value to permit said reference proc- 
essor to generate said reference signal based on said estimated value, said peak detector determining a ti-ue value 
for said first ratio constant to permit said processor to generate said signal portions of said first and second 
detected signal based on said matiiematical relationship and said true value of said first ratio constant. 

32. A method for the measurement of Wood oxygen in a subject, the method comprising tiie steps of: 

directing light from first and second li^t sources of different wavelengths toward the sut^ect; 
detecting signals first and second light sources after passage through the subject and generating signals cor- 
responding to an intensity of said first and second detected signals, said first detected signal having a first por- 
tion arising from light transmitted from said first source through the sut^ect and a second portion arising from 
a first interference light source, said second detected signal having a first portion arising from light transmitted 
from said second source through the subject and a second portion arising from a second interference light 
source; 

coupling sakl generated signals corresponding to said first detected signal to a signal input of an adaptive sig- 
nal processor having an adaptive filter input to receive a reference signal, an adaptive filter output and an error 
signal output, wherein said error signal output is coupled to said adaptive filter to adjust said adaptive filter so 
tfnal said error signal has minimum correlation witii said filter input and said signal input, said signal input cou- 
pled to said detector to receive said first detected signal; 
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coLpling an output signal from said adaptive signal processor to a peak detector and determining a first ratio 
constant corresponding to a first detected peak value of said error signal over a predatermined range of pos- 
5it)le ratios; 

generating a first reference signal based on a nwthematical relationship of said first and second portions of 
said first and second detected signals, and said first ratio constant: and 

coipling said f iret reference signal to said filter input to permit said filler output to generate said first portion of 
said first detected signal. 

33. TTie method of daim 32 wherein said output signal from said adaptive signal processor is said error signal and said 
peak detector determines said true value based on said peak in saW error signal. 

34. The method of claim 32 wherein said output signal from said adaptive signal processor is said adaptive f nter output 
and said peak detector determines said true value based on said peak In said adaptive filter output. 

35. The method of daim 32 wherein said peak detector subdivides sakJ predetermined range into first and second sub- 
stantially equal ranges and determines said first peak location in either said first or second ranges, ^aid peak detec- 
tor continuing to subdivide one of said first or second equal ranges containing said peak until said peak detector 
determines said first ratio constant corresponding to said first peak location. 

36. The method of daim 35. further induding the step of generating eaid first portion of said second detected signal 
based on said mathematical relationship and said first ratio constant. 

37. The method of daim 36. further including the step of calculating a ratio of sakJ first portion of said first and second 
detected signals. 

38. The method of daim 37, further including the step of determining Wood oxygen saturation of the subject based on 
said ratio. 

39. The method of daim 37. further including the step of determining blood oxygen saturation using a data table inter- 
relating said ratio wcth blood oxygen saturatk>n. 

40. The method of daim 37 wherein said ratio is a time-varying waveform, the method further including the step of cal- 
culating peak oxygen saturation from said time-varying ratio. 

41 . The method of daim 32 wherein said mathematical relationship has the following fomi: 

where R*{1) corresponds to said first light portion of said first detected signal. R(t) corresponds to said first detected 
light, induding said first and second portions of said first detected light. r(t) corresponds to said second detected 
light! induding said first and second portions of said second detected light, a is said first ratio constant and corre- 
sponds to a ratio of said first portion of said first detected light to said first portion of said second detected light, and 
p is a second ratio constant and conesponds to a ratio of said second portion of said first detected light to said sec- 
ond portion of said second detected light 

42. The method of daim 32 wherein said mathematical relationship has the following fbmi: 

a-p 

where r*(t) corresponds to said first light portion of said second detected signal. R(t) corresponds to said first 
detected light, induding said first and second porttons of said first detected light. r(t) corresponds to said second 
detected light, including said first and second portions of said second detected light, a is said first ratio constant 
and corresponds to a ratio of said first portion of sakj first detected light to said first portion of said second detected 
light, and p is a second ratio constant and con-esponds to a ratto of said second portion of saki first detected light 
to said second portion of said second detected light 

43. A method for the measurement of Wood oxygen in a subject, the method comprising the steps of: 
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directing first and second light sources toward the subject, said first and second light sources producing light 
of first and second wavelengths, respectively: 

detecting signals first and second light sources and generating signals corresponding to an intensity of said 
first and second detected light signals, said first detected signal having a first portion arising from light trans- 
mitted from said first source through the subject and a second portion arising from a first interference light 
source, said second detected signal having a first portion arising from light transmitted from said second 
source through the subject and a second portion arising from a second Interference light source: 
coupling said generated signal corresponding to saW first detected signal to a signal input of a first adaptive 
signal processor and said generated signal corresponding to said second delected signal to a signal Input of a 
second adaptive signal processor, each of said first and second adaptive signal processors having an adaptive 
fitter input to receive a reference signal, an adaptive filter output and an error signal output, said first and sec- 
ond error signal outputs coupled to said first and second adaptive filters, respectively, to cause said first and 
second adaptive filters to generate first and second filter output signals having minimum correlation between 
said first and second filter inputs, respectively; 

coupling said first and second filter outputs to first and second Inputs, respectively, of a ratio processor: 
calculating an output ratio of said first output signal to said second output signal for a selected v^lue of a first 
ratio constant over a predetermined range of possible ratios: 

determining a minirmim value for said output ratio over said predetermined range, said minimum value corre- 
sponding to said first ratio constant; and ^ . . , . u- ^ 
generating said first portions of said first and second detected signals based on a mathematical relationship of 
said first and second^portions of said first and second detected signals and first ratio constant. 

44. The method of daim 43 wherein said step of detecting a minimum subdivides said predetermined range Into first 
and second substantially equal ranges and deterntines said first minimum location in either said first or second 
ranges, said step of detecting a minimum continuing to subdivide one of said first or second equal ranges contain- 
ing said minimum until said step of detecting a minimum determines said first ratio constant corresponding to said 
first minimum location. 

45. The method of claim 43. further including the step of calculating a ratio of said first and second output signals. 

46. The method of claim 45. further including the step of detemiinlng blood oxygen saturation of the subject based on 
said ratio. 

47. The method of claim 45. farther including the step of determining blood oxygen saturation using a data table inter- 
relating said ratio with blood oxygen saturation. 

48. The method of claim 45 wherein said ratio is a time-varying waveform, the method farther Including the step of cal- 
culating peak oxygen saturation from said time-varying ratio. 

49. The method of claim 43 wherein said mathematical relationship has the following fomi: 

where R*(t) corresponds to said first light portion of said first detected signal. R{t) corresponds to said first detected 
light including said first and second portions of said first detected light. r(t) corresponds to said second detected 
light' including said first and second portions of said second detected light, a is said first ratio constant and corre- 
sporids to a ratio of said first portion of said first detected light to said first portion of said second detected light and 
p is a second ratio constant and corresponds to a ratio of said second portion of said first detected light to said sec- 
ond portion of said second detected light. 

50. The method of claim 43 wherein said mathematical relationship has the following form: 

where r*(t) corresponds to said first light portion of said second detected signal, R(t) corresponds to said first 
detected light, including said first and second portions of said first detected light r(t) corresponds to said second 
detected light, including said first and second portions of said second detected light, a is said first ratio constant 
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and corresponds to a ratio of said first portion of said first detected light to said first portion of said second detected 
light, and p is a second ratio constant and corresponds to a ratio of said second portion of said first detected light 
to said second portion of said second detected light 

51 . A method Ux the enhancement of signals in the presence of noise, the method comprising the steps of: 

detecting first and second signals, each of said detected signals having a signal portion and an interference 
portion; 

coupling said first detected signal to a signal input of an adaptive signal processor, said adaptive signal proc- 
essor having an adaptive filter input to receive a reference signal, an adaptive filter output and an error signal 
output, wherein said error signal output is coupled to said adaptive filter to adjust said adaptive filter so that 
said error signal output has nunimum correlation with said fitter input; and 

a reference signal generator to generate said signal portion of said first detected signal based on a mathemat- 
ical relationship of said first and second portions of said first and second detected signals and a first ratio con- 
stant. 

52. TTie method of claim 51 wherein said output signal from said adaptive signal processor is selected from a set of 
output signals connprising said error signal output and said adaptive filter output 
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